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ABSTRACT 

The instantaneous  frequency of WWV,   20 Mc (Washington,  U.  C ),  and 

that of a highly stable signal  at  17.8 Mc radiated  fron Mayaguei,  Puerto 

Rico, were sinultaneously and continuously recorded between October 1960 

and Septeaber  1961 at Palo Alto,  California,  and at Seattle,  Washington. 

Traveling ionospheric disturbances  (TiU's)  have been identified on these 

recordings by noting the occurrence of siailar  frequency fluctuations 

appearing with appropriate tine delays,   and in  the appropriate order,  on 

each of the  four available paths      The geometry of these paths  is such 

that disturbances traveling  from north  to south,  or vice-versa,   are most 

easily detected. 

It  is   found that  the disturbances give rise to either quasi - sinusoidal, 

or V-shaped  fluctuations in  the  recordings of  frequency  vs.   time.     If a 

given disturbance is assumed to travel  along a great circle at  a constant 

speed,   this  speed can be estimated   from the time  interval  between  inter- 

ception of the northernmost transmission poth and the southernmost one 

(a minimum distance of about 1200 km).     From the duration of tht resulting 

fluctuation on a given path and the estimated speed of the disturbance, 

its effective spatial   length can be inferred. 

Because of the wide separation of the long-distance  transmission paths, 

the experimental setup is sensitive only to  large-scale TID's moving at 

high speed.     Such disturbances would probably not be detectable on  re- 

cordings made with  the comparatively  close  receiver spacing used by many 

researchers  in  the post.     From  1600  hours of data  (usually  from  1600 UT 

to 0200 UT) between October   I960 and April   1961,   nine TID's have been 

positively  recognized on  the  frequency  recordings      It was possible to 

deduce speeds  and  lengths  (on  the above assumptions)   in six  instances. 

Velocities  range  from  1450 km/hr,   and spatial   lengths   from 1300 km to 

greater than  2000 km.     The direction of travel   cannot be determined ac- 

curately,   but,   in  each case,   the general  direction  is  from north to  south. 

The results  suggest  that certain of the TID's  change  their velocity and/or 

direction  of travel  during  the passage through  the four transmission paths. 

In   four cases,   sudden   frequency changes,   correlated with sudden  changes 

in  the earth's magnetic  field  recorded at Stanford University,   preceded 

the occurrence of large-scale TID's.     It  is suggested  that  these  traveling 

disturbances may have been launched by  the same  event giving  rise to the 

sudden change  in  the earth's  magnetic  field. 

-   in 
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I.     INTHOMJCTION 

llorixonlal  travel ing dislurbances in the ionosphere have been studied 

exlensivcly by Munro  [llefs.   14)  and «any other workers  (Refs.   5-13), 

raployini; closely spaced networks.    Traveling ionospheric disturbances 

(Tin's) «ere observed by a variety of techniques,   including group-path' 

vs.-ti«e records  [llefs.   1-9).   and signal-intensity-vs .• tine records 

(llefs.   10-13] of received signals transnitted at  fixed frequencies from 

two or sore stations,   separated by a   few tens of kilometers to not more 

than 500 km.     Traveling ionospheric disturbances at heights above the K» 

maximum (400 km)  have been studied by the radio-star-scintillation tech- 

nique  (llefs    14-I6) 

Traveling ionospheric disturbances can also be delected by studying 

the variation with azimuth of the minimum range of ground backscatter 

seen on a  rotating-antenna  fixed-frequency backscatter  sounder.   (Refs. 

17.18].    This technique,   developed by VulvcrJe  (lief.   17],   at Stanford 

University,   has the advantage that  the directions and the velocities of 

disturbances can be determined at one station.     This technique is partic 

ularly useful   for detecting  large,   wide-spread disturbances.     But  it re- 

quires continuous,   pulsed,  sounding transmissions. 

In this  report,   TID's  in  the K^  layer in a non-auroral   region  are 

investigated by observing their effect on the instantaneous  received  fre- 

quency of  four stable h-f transmissions.     The   four transmissions are con- 

sidered to  be stable  since the  frequency   fluctuations  imposed by the 

ionosphere arc much   larger  than  the  inherent   frequency   fluctuations of the 

transmitting and  receiving systems. 

The  four geographically separated  transmission paths  extend over dis- 

tances   from  3750 to  6000 km   in  the cast-to-west  direction.     The norther- 

most  and  the southcrmost paths  arc separated by more than  1200 km.     Because 

of  the comparatively  wide spacing of this network,   only  large-scale and 

high-speed TID's,   whose morphology docs  not  change appreciably  in  the 

time interval  between path crossings,   are detected.     Traveling  ionospheric 

disturbances  distinguishable  by  this  technique prove to  be very rare,   and 

their  indicated velocities have been very high.     Observed   velocities 

ranged from  1450 to  2700 km/hr  as compared with  the velocities observed 

by  other  researchers,   as listed below. 
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HrtfitrcUrr 

Velocity 
Range 

tkn/kr) 

420        SOO Itunro   Uh(    4] 

Price  (Hef    S) 120 •   1200 
lonm   (Hef    6] 250 -    600 
lieynon   [llpf,   7l 420 
liana r ha nil r a itao   (itof.   12) S40      1200 
Maxwell  anil Little (lief,   ll) 430 

llr.,>».   (Itef.   IS) 360 •  1100 
Vaswell   and 

Darg   lll^f    16) 
180 ■   1100 
720      1800 

ValverJe   (Hef     |7) 700  ■  2000 

Iveten   (lief    18) 200  ■  1100 
up to    4500 

H«-wark« 

raoniMv avera^«? 

wasiwun no    al   600 kn/hr 
maxinun no    at  350 lia/kr 

aterape 

at  about 400-km hei^lit 

in non-auroral   region« 
in auroral   region about  400 km 

for »mal I'Kcale ili»turliance« 
for larpe-Kcale iltsturbances 

ttnh »table transni sxion» already available  fron« »lanüarJ   frequency 

broadcasting  stations  in the U.   S    A..  Canada,   and other parts of the 

»orld.   a network  covering a  large portion of the «orld could be established 

comparatively  econoaicnlly by establishing  suitable   receivers  al  the ap- 

propriate locations 

The  eciuipmcnts of this  cxperieent  arc briefly described  in  Section  II. 

and  the  results  arc presented  in Section  III,   followed by discussion  and 

conclusions  in Sections  IV and  V.     A possible association  between the 

occurrence of the  large  scale traveling disturbances  and  the  sudden  com- 

mencements of geonagnetic   storms  is discussed  in Section  IV but,   un- 

fortunately,    the   limited   information obtained   in  this   experiment  allows 

only  a  preliminary   conclusion   to  be made. 
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M      KXPKRIMKMAl. ARBANGEMtWTS 

From Oclober I960 to September 1961.  »table-fretiueney tran*4M<Msions 

of 17.8825 Mc  fro« Puerto Itieo (referred to as PH-17) and 20 Me fro» UV. 

Vasbington,   l)    C    (referred to as IIIV'20)  ba»e been nimiiitaneously and 

continuouRly recorded at Stanford University (referred to as SÜ),   near 

Palo Alto,  California,   and at  the University of «asbington (referred to 

a« Ut),  Seattle. Washington      The four transMission paths are shown in 

Kig    I      The numbers I,   2.   and 3 are points of reflection in the ionosphere 

for the Miop,   2-hop.   and 3-hop nodes of propagation     The ttV.20-tO'UI 

and tt»V 20-to SU paths,   approxinately 3750 kn and 3950 km in ground dis- 

tance,   respectively,   will  support I  hop.   2-hop.   and 3-hop modes of propa- 

gation,   whereas PIM7  to U» and PH 17  to-SU paths,   approximately   6000 kn 

and 5750 kn  in ground distance,   will   support prinarily 2-hop and 3.hop 
nodes of propagation. 

The PH-17 signal   is transnitted on a  three-elenem bean Yagi  antenna 

with about 600-w average power.     A Hhode and Schwärt XUI)  frequency synthe- 

siier  is used to generate the  frequency at  17.8825 Mc wiih stability better 

than  a   few parts  in  |09 per day      The »WV-20 signal   is transnitted on a 

nondirectional   antenna with about  10-kw average power.     Its stability is 

better  than one part  in  lO10 per day.     At the radio   frequencies used, 

frequency   fluctuations  cased by  the ionosphere are  large conpared with  the 
inherent   frequency   fluctuations  of the sources 

Part» of  the receiving system have been previously reported by Fenwick 

and Villard   [Hcf.   !9]       However,   in the present setup,   a Hhodc and Schwan 

XUD   frequency  synthesizer  is used,   along with  the Hhodc and Schwarz XSA 

frequency standard to  beat  with  the incoming signals      The   frequency beat 

notcCusuolly   in  the 0-   to   10-cps   range),   is   fed  into  a   frequency meter 

that  produces a   rectangular pulse at  each  input-signal   zero-crossing      The 

frequency meter output   is  then   recorded on  a Sanborn paper-tape recorder. 

A coded  time-marking  signal   is  introduced  into   the system at  the beginning 

of each  hour  to   facilitate  the identification of the time.     This  counter- 

type  system  responds  to  the  instantoneous   frequency of that mode of propa- 

gation  which  is strongest ot any  given  instant.     The over-all   accuracy of 
the system is  about 0.2 cps. 

In  addition  to  the counter-type recordings described above,   the 

0  -   10-cps signal  itself is also  direct-recorded on  a modified Webcor 

magnetic-tape  recorder whose speed  is  approximately  1/50  in/sec   [Bef.   20]. 

The magnetic   tape  is  played  back   at  a much  higher  speed,   usually  at 

-   3 - 
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IS in /sec.   into a Kay Kleclric Go«pany Sonalyxer lo obmin a Oeiiuenry 

anplilude^tine record,  «hich in known a« a "Sonaftran",  with rrequency 

alon^ llie vertical  axis,   tine along the horiionlal axis,   and amplitude 

sho»n by the darkness of the pattern.    The Sonalytcr accepts a freijuency 

hand extending  fro« 85 to 8000 cps      In this instrument,   the bandwidth of 

the tuned circuit,  «hich scans through the frequency range,   is 4S cps,  and 

an individual Sonagran represents an input time interval of 2.4 see.    As 

a consequence of speeding up the Magnetic tape approximately 800 times, 

the effective bandwidth of the selective circuit  is about 1/16 cps,   and 

the time is also effectively compressed by a similar amount.    As a result, 

a single-frequency signal component must last  for at least IS to 20 sec 

in real  time to register a readable pattern on the final   record.    The 

Sonagram".   in contrast with  the counter type record,  permits study of the 

behavior of different propagating modes with different   frequencies  if 

more than one »uclt node is present at  a given time      The accuracy of this 
system  is also about 0.2 cps 

Any  frequency  fluctuation greater  than 0  2 cps can be regarded as due 

to variations of or disturbances  in the ionosphere      The simultaneous re- 

cordings of signals transmitted along  four separate paths make it pos- 

sible to distinguish  widespread ionospheric disturbances,   such as  those 

due to  solar  flares,   world-wide magnetic storms  Illcf    2l),   etc .   from 

lID's.     The  following sections report  the rarely observed evidences of 
large-scale lID's studied by means of this  technique. 

- 5 



in.  Bran; 

The  four tran»iMii«ion paths sho«n in Fig.   1 have hern in use helmeen 

Onoher  I960 and Sppiraber 1961 exeepi  for periods of c«]nipnent   failure 

or poor propagatmir roodilion» in the ionosphere.    Under norwal  rondilions 

in wimer,  11V 20 and PB-17 usually come in in «he nornin« around 1400 UT, 

and fade oul  in ihr rvening around 0200 UT,  «ilh slighi  lime variations 

for differrni paths.    A study has been made of about 1600 hours of re- 

rordinirs obtained hrtween October 1960 and April   1961  dunni: which i inte 

at  least  ihree of the four paths were usable.    Travel ini; ionospheric dis- 

turbances (TID's) have been identified on these recordings by noting the 

occurrence of similar frequency  fluctuations appearing with appropriate 

liwe delays,   and in the appropriate order,   on each of the  four available* 

paihs      Only nine TID's have been positively recognized by means of these 

particular nulli-stalion,   stable  frequency transmissions during this 

prnod      Tl<e#e nine are described in chronological  order and are numbered 

accordingly i« Table I.   and i»o  (Nos    I  and 5) are discussed in more 
l.i.nl   in Sections  111  A and II respectively. 

A.    TRAVtLIiXG IONOSPHERIC UrSTURBAKCE   Of 12 AND 13 ÜECBIBER I960 

Figure 2 presents counter-type  records of the instantaneous  frequency 

variation of signals propagated along ihe  four transmission paths on   12 

and  13 Uecemlier  1960.     These signals are «1V.20 received at U».   I'll-17 also 

received at lit,   «»V 20  received at SU,   and PB-17  received at SU.   all   dis- 

played on  the some  time scale.     The *WV 20 signals have a  rul-off period 

from approxinalely 45  to  49 nin after each  hour.     Cal ilirat ion marks  iniro- 

duceil  at   the receiving  stations  at   15-min   intervals  appear on  three of the 

four   recordings,   and hourly time marks ore  also placed on  the  recording 

of the  Pn-17-to-SU signal. 

An   ionospheric  disturbance con  be recognised on   the MV 20  to-U* 

signal   by  the V shaped  inflection  in  the  frequency  recordings   from  2330 

to 0015 UT.     The  rclotive   frequency of WWV-20  ot UW dccrcoscs ol  the  rote 

of about   3-1/2 cps  in a  half hour  to a minimum near 2354 UT.     It  then 

increases  bock   to   the normal   propagating  frequency at  a  higher  rote      A 

similar  V-shopcd  inflection  con be  recognized on  the records of the other 

three  signals   except that  the  fluctuations  occur at  different  times  on 

each path.     On  the PH-17-to-UW signal   the   frequency minimum occurs  near 

0000 UT;   on  the WWV-20-to-SU signal   this minimum occurs  near 0004 UT;   and 

6  - 
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on iht* 111  IT  i«. .s|   «ighiil  iUt> minimttm orrur« slill   lalar,   at 0040 UT 

Ihiü »»no» jiufsg^slii » Til) moving aiiproximately  from norlh to muih and 

mirrrrpiinf: the four paths »urceKsi vely. 

Fifwrp 3 «how« fr^iuencv axplitude'tine tlisplav» of the isane traveling 

«listurbanrp for tvo of the four paths,   i.e., PIUI7 to both the 111 anil SU 

There are no Ri4f;netir<iape reeordinK» for the other t«o path« ilurini; ihis 

period     The tine «rale of the t«o frequency-spectra in t-ig    3 ii «h» 

placed by about   37 mm to exhibit  the sini larities of the V shaped inflec> 

tton caused by the Till     The details of the frequency fluctuation are not 

identical,  because in 37 min  «J..- disturbance has  traveled several   hundred 

kilometers over which distance its shape may have changed      However,   the 

general  characteristics of this traveling disturbance can  stilt  be iden- 

tified by the characteristic drop  in  frequency   followed by  a rise at a 

faster rate 

The time interval  between the passage of the Til) through the nothern- 

most  path (IIV-20'to<UI)  and  through the  soulhernaosl path  (Pit-17«to SU) 

is about 45 min      The minimum distance between these two paths is about 

1200 km.     therefore,   the velocity of the traveling disturbance,   assuming 

thai   the velocity is constant,   is equal   to or greater than   1600 km/hr 

Virtual-height  variations measured at Uoulder.   Colorado.   Khile Sands, 

New Mexico;   Kashmgion    I).   C ;   and Puerto Itico  during the period when the 

Til) occurred are plotted  in  Fig.   4      Ihc curves  are obtained  from the 

ordinary rays of the lonograns   recorded at  the respective stations once 

»very  13 mm      The vi riual-height variations at Boulder show a distinctive 

ripple near 0013 Ul  and   those at Hhilc Sands  a  ripple near 0045 UT     The 

ffla^inua positive  slope of the  ripple near 0000 Ul  measured at  Boulder 

iFig    4)  correlates «ith  the   frequency miniroum at 0004 Ul on  the ttMV-20- 

lo-SU pmli  ^Fig    2),   and the mnximtim positive slope of lite  ripple near 

0040 UT oi  Mhitc Sands   (Fig    4)   correlates with  the  frequency ffiinimum al 

0040 Ul of PB-lT-iO'SU      Although  the virtual-height  variations arc ob- 

tained   from  ionograms  taken at   IS-mir.  intervals,   and  even  though Boulder 

and White Sands arc not  located  exactly on  the transmission paths  (refer 

to  Fig.   1),   time correlation between  the maximum positive  slopes of rip- 

ples and   frequency minima  is very good. 

It  is also noticed,   in Fig-   4,   that  no  clearly   similar   'ripples'   are 

seen during the period on virtual   height-variation plots at  Washington, 

I)    C. ,   or  at Puerto  Rico,   suggesting that   this particular  TID did  not 

affect  the  east   coast of  the United States. 
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Tlir»«'rrrquenry b-f backuctttter soundingK at Stanford University, 

similar to those used by Valverde (Ref.   17J.  ha»e been examined for TIO's 

during the period from 2300 U1,   12 December,  to 0100 Ul.   13 December I960. 

None could be discerned.     However,   the maximum range at »hich disturbances 

ran be seen by these sounders is about  1500 km     The evidence suggests 

that the «avefront of this disturbance was not large enough to cover the 

east and west coasts of the United States.    Thus,   this particular dis- 

turbance must have traveled through the central part of the United States 

from north to south.     From the Boulder and «hite Sands data in Fig.  4 and 

the frequency recording in Fig.   2,   the TID appears to he a disturbance of 

electron density in the F-region of the ionoso^ere with a period of about 

SO min.    lith its velocity determined to be greater than 1600 km/hr.   the 

disturbance must  have had a spatial   length greater  than 1300 km. 

«.    TRAVaiNG laV'OSPIIHUC DIS1UR8AKCE   OF 17 FEBRUARY 1961 

T«o HD'« were detected on  17  February  1961-     One is shown in Fig.   5. 

Frequency  fluctuations on  the  four paths are displayed in the same order 
as those in Fig.   2 

The  received  frequencies  increase suddenly and simultaneously on  all 

four paths at  2028 UT.     Ibis increase is not caused by a TID.   since the 

paths are separated by several   hundred kilometers.     Sudden  frequency 

changes of this sort have been correloted with the occurrence of solar 

flares or sudden changes of the earth's magnetic  field  [Ref    21].    This 

frequency  increast at 2028 U7 correlates with the sudden conmenccnent of 

a magnetic storm.     A snail   (17-gamma)  but  sudden decrease of the earth's 

magnetic  field was recorded al  that time at Stanford University. 

Since the counter-type  recording system  responds only to  the strongest 

mode of propagation at any given  time,   when  several   modes of approximately- 

equal   strength arc propagating at  the same  time,   the  recorded  frequency 

will   be  that of whichever mode happens  to  be strongest.     Thus,   the  fre- 

quency may jump  nt  random  from one value to  another,   depending on  the 

relative strengths of the modes.     On  the WVV-20-to  SU path  in Fig.   5,   two 

modes of approximately equal   strength,   and  with  frequencies differing  by 

about   1/2 cps,   hove been propagating prior   to  2045   UT.     However,   after 

2049 UT,   an ionospheric disturbance caused  the  frequency of one mode to 

vary quasi-sinusoidally with a minimum near 2100 UT and a maximum near 

2110 UT,   while  the  frequency of  the other mode remained almost unaffected 

throughout   the period.     The   frequencies of  the  two  modes  coincided at 

2105 UT. 

-  13 - 
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Similar,   though less üininciive,   feature« are also noticed on the 

fretiuenry recordings of the other three paths.    On the frequency re- 

cordings of PB 17 at U».  the  frequency of one mode is almost constant, 

while the frequency of the disturbed mode is lower than that of the an- 

disturbed mode before 211S UT and higher afterward.    The frequencies of 

the two modes coincide at 21 IS UT.    On the MV ,'o u. ,S|   pmh,  the sinu 

soidal   frequency variation from 2100 to 214S Vfl indicates the presence of 

the disturbed mode      As contrasted to the other three paths,   the frequency 

recordings of MV-SO at SU appear to lack a mode of propagation whose 

frequency is constant throughout that period.    This absence of multiple 

modes can be interpreted as meaning that only one mode,   the undisturbed 

one.   is propagating during that period,  or,   if more than one mode is 

propagating,   thai the disturbed mode is much strong - than any undisturbed 

component.    On the l»IM7-to-SU path,   the frequency of the disturbed mode 

is lower than that of the undisturbed mode before 2135 UT and higher 

afterwards.    The frequencies of the two nodes coincide at 2135 UT. 

Using the tine when the frequencies of the different modes coincide 

as a reference,   the ionospheric disturbance intercepts the IIV-20-to-SU 

path at 2105 UT.   the PH-17-toU» path at 2115 UT.   the »tV-20 to-SU path 

around 2119 UT.  and the Ph-I7 to-SU path at 2135 UT     Ihi« sequence show« 

that an ionospheric disturbance  is traveling  in the central  part of the 

United Stales generally  from north to south      It covers  in 30 min a dis- 

tance greater  than  1200 km.   and its period of disturbance is about 45 min 

on any path.     Tl-rrrforr.   the IID has a  speed greater than  2400 km/hr and 
a  spatial   length over  1800 km. 

C.    DISCUSSION OF TRAVELING lONOSPIOIC DISIURBANCES 

Traveling  ionospheric disturbance No.   I   (Figs.   2 and 3).   described 

previously,   caused a V-shaped  inflection to appear on   frequency  record- 

ings      Uisturbancc No    7,  which was detected by the sudden  frequency de- 

crease  followed by a  slow  frequency increase,   also  appears to have caused 

a  V-shaped  fluctuation  or unequal   slopes on  the   frequency   recordings. 

The time when  the  frequency is minimum  is  used  as  the  reference  time  for 

the Til) to  cross  a  stable-frequency transmission path.     All  other TID's-- 

i.e.,   Nos.   2,   3,   4,   5,   6,   8,   and 9--produced quasi-sinusoidal   frequency 

variations.     Multiple modes  appear in Nos.   2,   4,   5,   6,   8,   and 9,   with 

the  frequency of one mode  remaining almost  constant  throughout  the period 

under   study,   while the  frequency of the  disturbed mode varies  quasi- 

sinusoidally.     The  time  when  the   frequencies of  the  disturbed  and  the 

-   15  - 



iiiMitsiiirltotl «odes coincide is used a« ihe reference lime for the 111) to 
cross a transmission path. 

Sudden  frequency change« that occurred simultaneously on all   four 

paths preceding     traveling ionospheric disiurhances are found in  four 

cases.  (Pos    2.  4.   S. and 8)      In three cases.   (Kos    2.  S.  and 8).   the 

sudden frequency changes corresponded to sudden commencements of geomag- 

netic storms,   and in the other case (No.  4) the frequency change corres- 

ponded to sudden impulses found in Stanford magnetograms.    Disturbance 

No.   S is illustrated in Fig.  S and has been described in Section 111 B. 

Ihe frequency recording of IIITs Xos.  4 «nd 8 are shown in Figs.  6 and 7 

respectively     Note the simultaneous  frequency fluctuations at  1733 IH 

17 February (Fig    4) and at  1452 Ul 13 April  (Fig.  8). »hieb preceded the 

111)'«      The TIll's have the usual  characteristic that the  frequency of the 

disturbed mode vanes quasi-sinusoidal !y.    Ihe reference time and other 
details of the disturbances are described in Table 1. 

The speed at »hich a disturbance travels is calculated  from the time 

lapse between the crossing of the northernmost path (i.e.,   IIV'20-to-UK) 

and that of the southernmost path (i.e.,  PB-17-to-SU).    From this it can 

be assumed that  the disturbance must travel  a minimum distance of about 

1200 km between these two paths.    The period of a disturbance is taken to 

be an  average of the duration of the disturbances observed on the  fre- 

quency recordings corresponding to the different transmission paths.     Ihe 

spatial   length of the disturbance is then taken to  be the product of the 
estimated speed and average period of the Till. 

The  layout of the  four transmission paths is such that  ionospheric 

disturbances traveling in  the central  part of the United States arc most 

easily dot-rtcd.   as  substonltated by the experimental   results.    Six TlD's 

(Nos    1,   2.   4,   5.   8.   and 9)  affect the four paths  successively and two 

(Nos.   6 «nd 7)  cause disturbances on only three paths.     During 1ID No.   2, 

only i*o paths  (W»V-20-to.SUond WV-20-to-UW) arc disturbed,   suggesting 

that No.   2 might have traveled  from north to south along the cast coast 

of the United States,   and  that  the disturbance was damped before it 

reached  the  two  transmission paths  from Puerto Bico. 

Figure 8   is  a gnomonic projection of the United States on  which   the 

great-circle path between ony  two points  is  represented by a  straight 

line joining the two points.     If the ionospheric  distance     is    assumed 

to  travel   with constant  speed along a great-circle path,   then  the path 

of the disturbance can  be determined uniquely by knowing  the exact  time 
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tltii ike 111) iniereepis each of ibe foar different paths      llv employing a 

map snrli as shown in Fig. 8,  the problem of spherical geometry is sim- 

plified into a problem of plane geometry.    Of the nine detectable travel- 

ing ionospheric disturbances,   five (Nos    I.  ♦,  S.  8. and 9) are observed 

lo iniercept all  four paths.    The refc   .,.« time on each path is measured 

to the nearest minnte,  and the respective paths of travel can be inves« 

tigated     However, only one (No. 4) of the five disturbances produced a 

consistent  result.    Other disturbances either described a path of travel 

not  intercepting all  the transmission paths or required a speed much great- 

er than the speed of sound in the F2 layer.    Ihe path for T1D Mo.  S is 

shown in Fig.  8.  and the direction is 208 0E of N.    According to this 

path,   the speed of the ionospheric disturbance,   covering I37S km is about 

30 mm.   is approximately 27S0 km/kr (compared witk the speed of 2400 km/hr 
previously estimated in Section III I)) 

0    COMMms OS IHK DIRECTION OF mVEL A\l) OWSIASCY Of SPEED 

Valvenle  (lief.   17] observed that the speed of large-scale TIO's was 

constant,  but  that  the direction of travel  usually varied  (on  the order 

of 10 deg) during the interval of about  1/2 kr.    Thomas [Ref.   12]  sug- 

gested that disturbances at latitudes near the zone of maximum auroral 

and magnetic activity might have a higher velocity than those at  lower 

latitudes.    Our results appear  to support  the belief that  large-scale 

HD's do  change both  speed and direction during the course of travel, 
(•«cause: 

1. we cannot  locate physically possible  routes  for  the disturbances by 
assuming a constant speed and a constant direction,   and 

2. most  disturbances  require much more tine to travel  between the two 
southern paths than between the two  northern paths. 

It should be noted also  that  the accuracy of the time-of-crossing 

measurement  does not  allow direction of travel   to  be determined within 

an accuracy of  10 deg,   even when the disturbances do  travel   with a  con- 

slant  speed and a  constant  direction.     However,   it  is  certainly possible 

to know that the general   direction of travel   is   from north  to   south,   and 

that changes  in  velocity and/or direction  do occur. 

E.    RELATIONSHIP BETWEEN LAFGE-SCALE TID's AND SUDDEN COMMENCEMENTS OF 
GEOMAGNETIC STORMS 

Because out of nine traveling ionospheric disturbances   detected by 

this  technique,   three   (Nos.   2,   4,   and 8)  were preceded by   sudden 

-   20 - 



r-.«»*«-h. rm.crhi» of «larfnnit  Ktornii anil one (So,   3) vas prpeeJetl |»y a 

snililea iitpulsp  found in lb© Slanfortl maKnoloKram,  an investigation wa» 

«adr to »oo if Tin* s gonorally folio« «ailden romnenrononts of nagnetic 

storms.    During lb© period from October I9S0 to April  1961,  22 sudden 

ro«*enr©m©nls w©r© reportod  Illef.   22] by magnetic observatories in nortb- 

©rn Anrrira     Iho fr©«|uenry recordings of the four stable-frequency 

transmission patbs mere carefully r©-exainiin©d for a poriod of about 6 br 

aftor lb©s© sudd©n coiMtencenents     At the time of onset of ©acb sudden 

coemenceosenl,  simultaneous,   abrupt   fluctuatians are always observed on 

tbe frequency recordings of all  available paths.    Ibiring the relatively 

caln period after the sudden commencements,   and before the onset of the 

conparattvely strong geomagnetic activity that usually appears several 

hours after the sudden commencements,   the  frequency  fluctuations of all 

available paths are usually «ell  correlated  for a period of time varying 

between  1*2 to 3 or 4 hr      Then,  on many occasions,   the frequency  flue 

tuations on all   available paths hegan to differ in a «ay that suggests 

the presence of TIIVs.     In many instances,   specific disturbances can be 

picked out      The results are tabulated in lable 2,  which can be sum- 

marised as   follo«s: 

I.  Iwenty-two sudden commencements (a to u)  «ere reported during the 
period  from October I960 to April   1961 

2 The  frequency recordings on II   cases (d.   f.   g.   I.   m.   n,   o,   q.   r, 
s.   and «) provide no information,   because either  the equipment «as 
not  functionioning properly,  or,   for a  large number of cases,   the 
propagation conditions «ere poor as a result of low MUK or already 
strong geomagnetic disturbance. 

3 No III) i» observed after three  sudden  connencements (c,   f.   and k) 
For c and f,   severe geomagnetic disturbances set in about 4 hr after 
the sudden commencencnts and no Tit) is observed during the 4-hr 
period      For k.   a Til) is  not observed  for  abuui 6 hr after the 
sudden comnencement on  two  available paths only;   tbe other  t«o paths 
were not operating. 

4. TID's  arc strongly suggested on   frequency  recordings after  four 
sudden coromencements  (a,   b,   h,   and  t).     Multiple modes with  the  fre- 
quency of the  disturbed mode varying quasi   sinusoidally arc  found 
on   the  frequency  recordings on more  than one of the available paths. 

5. TID's  are positively recognized after   four sudden  commencements 
(c,   i,   p,   and  r).     TID's   in  i,   p,   and  r,   of Table  2 ore the same 
as TID Nos.   2,   5,   ond 8  respectively  reported  in  Toble 1.     The TID 
observed in  e of Table 2  is not  included  in Table  1   because only 
two paths were  functioning properly at  that time. 

21 



In »bort, of th@ II  «utlilen coiMenceiieiiis havini; useful   rrequency 
rerordinM. Til)'« are not  founU afier ihre« sudden comMeneemiems,  are 
higMy possible after four sudden eomnencMienU.  and are definitely present 
after tke other four sudden eonwieneeiuents. 
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IV    MStlMQX 

Nmiro   'llrlf»    2,3]  ronjtitlorftl that  irav^linK ilntiurbance» in the 

iono«|ib«»r(» ar» as«oeial«(l »iih «listurltanee« in the ainasithere in the for» 

of travolini: pressure wave« that  cause a redist nhulion of ioniiation. 

Nmyn  (Bef    23)  developed a theory of horizontally traveling cellular 

atmospheric waves and later  tllef    24)   suggested that perturbation of F- 

region ionixalion might  be ihe result of turbulence in lower regions. 

Itegardless of how a Till originates,  we nay assume that such a disturbance 

is a traveling atmospheric wave of ellipsoidal  shape in the F region 

which causes a redistribution of ionixation as it travels along. 

Figure 9(a)  is a  representation of a  typical   ionospheric disturbance 

travel mi;  from north to south and affectini; the one-hop mode of a signal 

traversing the liV-20-to-SU path      Contours slio«inK the heights of assuned 

concentric elliptical   troughs of a constant  electron density which  re- 

flect   the signal  of interest are shown  in Fig.   9(b).     As the disturbed 

region  travels with velocity v.   the signal   is  reflected along AA" 

Ue profile of AA'   is plotted in Fig    9(c).     If.   for «inplicity.   only the 

geometrical   raypath  is investigated,   the doppler shifts as the signal   is 

reflected along AA'  are 

£f/f •   (2|i/c)  cos 6, 

where 0 - angle of  incidence  in   deg. 

f ■ transmitted   frequency  in  cps, 

Äf ■ doppler shift  in  cps. 

c « velocity of transmission   in a/sec,   and 

// ■ downward  vertical   velocity  in in/sec  »  -dh/dt. 

Since dx  ■   v dt, 

M/f -   (2v/c)  cos 0  (-<lh/dx). 

If v   is  assumed  constant  and 6  varies  only sliglaly during  the period 

of interest,   then Z^f varies  as  (-dh/dx),   a quasi-sinusoidal   curve as 

shown   in   Fig    9(d),   depending on  the  slope of  the constant  ion  density of 

the disturbance.      If  the TID intercepts  a   transmission path  differently, 

so   that  the  signal   is  reflected  along BU'   or CC'   instead of  along AA', 

then   the  amplitude  and period  of   frequency   fluctuations  will   be  varied, 

but   the general   quasi-sinusoidal   form of   the   frequency   fluctuations  will 

remain   unchanged.      If  the one-hop   and  two-hop modes  propagate  at  the   same 

time with  approximately  equal   strength,   and  if  the  wavefrontof  the TID 
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FIG.   9.     POINT-REFLECTOR MODEL OF A TRAVELING IONOSPHERIC DISTTJRBANCE. 
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i« nol «i4«> »novclt  10 afOn  th^ H»0'l«op «OIIP ** illustratoil in Fig.  9(a), 

iiru thr  fr^qiipnrf  r^rortlinfs« «ill  shorn nulliple m»*lr*  with il^   rr««)uenry 

of on«* >ro*l«> l^imj? roRKlanl  and that of the otber boini; <|uaffi   sinueoidally 

dislnrlird.     If Pithor i*«- iwa^hnp mod» is nurh «oakor lhan iht> on»>l<op 

n>odp,  or ih* wavofronl of ibo iravolinp ionosphonr disturliaori» is wide 

onouKl« to afferl all   the modes simitlianeously.   then the reeordini;« will 

»how predowinantly a single fre«|Henry thai is quasi  sinnsoidally disturbed 

Travelini; ionospherir disturltanees No«.   2,   3.  4,  5,   6.  8,  and 9  in 

table I  do e«hibil   the features described above,   whirh are hased on  the 

asswnptton of a traveling ellipsoidal   trough of electron density.    This 

fart  suffjjests that »ost of the TIII's detectablo hy this technique are in 

fart of the type show« in lijß    9„     If the Till is in the  form of a lilted 

strp of constant   electron dons it y  lllef    2S)   ti   e.,   the height of the re- 

flection point   increases nonotonically during  the period of disturhance). 

then V-shaped  frequency  fluctuations «ill   he resulted,   as noticed in dis- 

turbances N««»    1  and 7 

In the southern hemisphere during winter months,   the direction of 

travel   is  reported to he 30° I   of V by Uunro   lilef    4).   from south to north 

by lleisler   (lief    8).   and  from 300° to 90° »   of \ by Price   (lief    S)       In 

the northern hemisphere during «inter months the direction of travel   is 

reported to he mithin  125°   from geomagnetic north to south by Valverde 

(Mef    |3l.   from north to south by lleisler  lllef    8).   from east to west by 

Reynon   (lief.   ?),   toward  the  southeast  by Toman   [lief    6],   and   from  ISO0  lo 

180°  I. of N  by fhomas   (lief.   9l •     It   should  be  noticed,   however,   thai 

lleynon's  results «ere based on  only  two points  situated  in  the  casi-«esl 

direction,   and  the 111) observed  by Tonan could be due  to  irregularities 

in   the K-region      Ihereforc.   most  authors ore  in general   agreencnt   re- 

garding  the  direction  of travel   for  ionospheric  disturbances   in  the  K. 

region  during «inter nontlis       This direction  is  generally   from geomagnetic 

north  to  south  in  the northern  hcmisphere,   and  fron geomagnetic  south 

to  north  in   the  southern  hemisphere. 

Of the nine  irovcting  ionospheric  disturbances  reported  here and  found 

by means of multiple-station  stahlc-frequency  transmissions,   the periods 

arc   from  30  to 90 min,   the  velocities are   from  1450  to  greater  than  2400 

km/hr,   and  the  spatial   lengths  are   from  1300  km  to  greater  than   2400 km. 

The  wavefronts of disturbances cannot  be determined accurately,   but  some 

of  them can  be estimated  to  be greater  than  2000 km  in  width 
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KM^t   for Valverd« (lief,   |7), «II prefio«» r.«Mreli«ra on ihi« .„h- 

jon obnor^d Tlir. in tke F region co«paraii»dy  fr^nemly.    Ue wr*** 

^loriiios of tho iliMnrbaoces range«! fron. 350 lo 600 km/hr,  «nJ ih* 

^aiial  longih« «ore not greater than a fe« hundrod U.    The difference in 

observed ^loeiiie* m»? be doe to ibe seller ««e of these dintHrbance«, 

and to tbe  fart thai  tbe«e reanlt« refer to «easorem.ent» at different time« 

of ihe day or srasons of tbe year,  at different geographical   location«, 

or ai different heighl« in the F layer,   since different  frequencies have 

bre« «sed     Ihowas  Jllpf.  9! pointed out that tbe difference in height was 

probably the most  significant  factor in the discrepancy of telocitie«, 

since he observed a height  gradient of velocity (average about 3 6 k«/hr 

per km i«crMsing »ith height)  in the F region.    However,   the average 

velocity  referred to at  the foF2 level  (as observed by 1l.o«as) ..« «bout 

650 km/hr.  *uch mailer than the average velocity of the disturbances 
reported here. 

Probably the reason that traveling ionospheric disturbance« of speeds 

greater than 1200 km/hr in the F2 layer in non.auroral   regions «ere not 

observed by «11 previous »orkers except Valverde and Tveten is because of 

the tine resolution in records obtained fro« closely spaced networks.    On 

the other hand.  TIIVs of low «peed are not observed  in our experiaent 

brause of wide separations of the transaission path«.     A Til) with a speed 

of less than  1200 km/hr .ill   take «ore than  I  hr to  travel   fro»  the northed 

oosi  to  the southernaosl path.     It probably will   lose nosl of the rccog 

ni<abic charactcrisiic« on  frequency  recordings dunng  the time interval 
required   for  the passage. 

Urge scale traveling disturbances of high speed appear  to be much 

rarer phenonena  than  those of snaller sixe and  lower speed.     Only nine arc 

positively  rccogniicd here in  a period of seven months,   15 (with speeds 

of >   1200 km/hr)   by Valverde   [Ocf     17]   in  a period of three months and 

eight by Tveten   (Hef.    18)   inn period of one month.     Valverde  also   re- 

ported that on several   occasions,   when  large-scale TID's were observed on 

back scatter  records at   17.3 Mc,   the transmissions of WWV  15 and  20 Mc   from 

Washington,   I).   C.   to Stanford University were disrupted   for periods of 

the order of 15 min   to several   hours.     Such  signal   failure would prevent 
data   from being taken by the  technique of this  report. 

Beynon   [Ref.   26],   and Thomas   [Ref.   9]   found that  the  velocity of 

disturbances  is  independent of  the K  index  for K <  2.5,   but  increases with 

the increase of magnetic activity  for K > 2.5.     Of the nine  large-scale 

disturbances   reported here,   the planetary Kp  index  ranges  from  2.67  to 
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S 33.   «ill« «RasiniMi orrnrrenr«» at IL • 4     Tb«» Itmiteil numli^r of (Ipi^lüble 

Ur|:9>«cal« Till0» Joe» not provitl» enouf;h iarorm.aiioii to ronrira or ronira- 

♦lie»  iht rorreUtion bei«««»« ifco volorily an*l the naunetic aelivity-     If 

ibo voloeily of larieo »rale I ravel in* ilisinrbanre» tloe» correlate witli 

inaj;oeiir K^, inile«.   ifceo Kp ■ 4 ra» be inl»r|treie«l a» the opiinun condition 

for detenion of lar|ge^»rale 1 ravel mi; tlisiorbanre» by mean» of »ioultaneou» 

freqaenry  rerordiap» on tsvonrapbirally »rparateil muliiple palb».    Tbi» 

ronililion error» bt>raN»t> tbi» eMperinvoial  »elup i» msensiiive lo low 

»peetl ili»liirbanre»a  rorrelale«! vith lower Kp  inile«,  «bile the  rapid  fre- 

«(nenry  florlnalion» doe to bi|;b fnaienetir aclivity.   correlated «ilh high 

Kp  index,  nay be »o int(>n»e and ronfu»inf; that  the offert of individual 

travelinü di»iNrbanre» on tbe  fre«|uenry rrrordm^» cannot  bo rerofsnized 

Ihe »uddrn rbaniee» of tbe eartb'a (aagnelic fie-ld tKai prorrdod Till'» Xo« 

2.   <l.   S.   and 8 are vrry intere#tin|;      Alil««ut>b ihr »ttidy »unmariied in 

Table 2 cannot  provide conclu»iv» confimation    ibe  re»ults »efc» to aag- 

^est  »tron|;ly that  »udd«n conmoncpffienl» of ispoiitiaffnrtic »ton»» and targe- 

«calp 111)*» arc rrlated      If they are truly related,   the obvious question» 

are how  they are related and »by sone of the 111)'» reported in lable I   are 

not preceded by sudden conmencenents of g^onafsneiic »torn».     It  is also 

interesting to note that Ihonas   (lief.   12)   reported that  in »one cases quite 

»oall  perturbations  in the ina|:netogran trace» coincided with enhanced 

velocities of traveling di»turbances 

Future  research on this subject   should br conducted vith the aid of 

one or nore nagnetoneters  sensitive to  »null   and sudden changes of the 

earth'» »agnetic  field      Variou» characteristic» of 711)'» should he cow- 

pared  not only  to ho« such  the earih's «agnetic   field has changed hut, 

probably more  ieportant,   to  ho«  rapidly  the earth's aagnelic  field has 

changed.     The   fact  that  sudden  connencenenl» of geonagnctic  storms precede 

some lID's suggests  that,   if  they are  truly correlated,   the  traveling 

ionospheric  disturbances may-  be caused by  the same mechunisn:  that causes 

the magnetic   variations.     A detailed  study  along  this   line will   probably- 

lead  to  the understanding of  energy  sources of traveling  ionospheric waves 
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v   cmctusiQxs 

t» »rut.* ionoiiphprir «limurbanees have been tleterteU by mv»m of 

ibeir effect on ibe simttlianeons frequency recordings of four siabie« 

fretinency irnnsmiiaisionuo    ilecanse of ibe wide sepamiion of ibe long- 

distance iransaission paibs,  ibe experiment is sensiiive only to large- 

*cale.  bigb-speed TIU's     Tbese disinrbances would probably not be deled- 

ed on recordings made witb ibe comparalitely close>spaced networks used 

by many researchers in ibe past.    From 1600 bours of daia (usually fro» 

1600 to 0200 ITf) between October I960 and April  1961,  nine TlU's bave been 

positively recognised.    Mitb tbe assumption ibal ionospheric disturbances 

travel witb constant  speed in a greal-circle path,   it is possible to es- 

timale speed« and spalial   lengths in six instances.    Velocities range from 

MS0 to approximately 2700 km/br.  and spalial   lengths  from 1300 to greater 

than 2000 km.    The direction of travel  cannot be determined accurately, 

but,   in each case,   the general   direction is  from north to south.     The re 

suits also suggest that some of the TID'« change their velocity and/or 

direction of travel  during the passage through the four stable-frequency 

paths.     In   four eases,   sudden   frequency changes--three correlated with 

sudden commencements of geomagnetic storms and one correlated with a 

sudden  impulse  found in a magnetogram taken at Stanford-  preceded the 

occurrence of large-scale TID's      During the sane period  from October  I960 

to April   1961.  of the II  sudden commencements when the  frequencv  recordings 

are useful   for investigation,   traveling  ionospheric disturbances are found 

to  be absent   after  three sudden coamencements,   highly possible after   four 

sudden comaencencnts.   and definitely present after four sudden coaaencc- 

aents.     Although the  information so   far obtained  is  inconclusive,   it  is 

suggested that these  large-scale TID's aight have been  launched by the saae 

event  giving  rise  to   the sudden  change of earth's nognetic   field. 
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